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Abstract 
Coal gasification is one of the key technologies for the high efficiency and clean use of coal resources. Circulating fluidized bed 
gasification is attracting considerable interest worldwide. The advantages of circulating fluidized bed gasification are that it can 
use bigger particle sizes, has a wider adaptability to a range of solid fuels, can operate at moderate temperatures and therefore emit 
lower amounts of nitrogen and sulfur compounds. However, the lower operating temperature can also result in the problem of 
high content of residual carbon in fly ash. Gasification fly ash is a by-product of the coal gasification process. To achieve “zero 
emission” from coal gasification technology, the environmentally safe utilization of fly ash by-products from gasifiers must be 
addressed and development. In this study, work has been carried out to investigate the structural properties and gasification 
reactivity of Shenmu fly ashes, which were obtained from a 5t/d circulating fluidized bed gasifier with different operating 
conditions. The structural properties of fly ashes were characterized with SEM, XRD and BET study. The gasification reactivity 
of fly ashes with CO2 was analyzed by isothermal and non-isothermal thermogravimetric technology. A comparative investigation 
of fly ashes and fast pyrolyzed Shenmu char was also conducted. The results proved fly ashes to be more active than Shenmu char, 
which could be attributed to the lower graphitization degrees, the smaller particle sizes and higher specific surface areas of fly 
ashes.  
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1. Introduction 
Energy is foundation to economic development, social wellbeing and national security. The provision of cheap, clean and 
reliable energy will be a long-term research and development challenge worldwide [1]. Coal offers superior economic efficiency 
and supply stability to those of other fossil fuels [2]. The rate of coal use for primary energy is increasing every year. Among 
various coal utilization technologies, coal gasification is the core of many advance energy technologies that offers especially 
higher energy efficiency and can achieve near zero emissions of greenhouse gases and other pollutants. Circulating fluidized bed 
(CFB) gasification is attracting considerable interest worldwide [3]. Some advantages of CFB gasification are that it can use 
bigger particle sizes, can operate at moderate temperatures (800oC-950oC) and therefore emit lower amounts of nitrogen and sulfur 
compounds. Another attraction of CFB gasification is due to its ability to handle a wide range of fuels with poor quality, such as 
brown coal, lignite and high volatile bituminous coal, which have been considered as low rank coal with traditional energy 
technologies. 
 
Coal gasification is one of the most important clean coal technologies for the utilization of low rank coal. It not only can satisfy 
the growing demand of gas fuel, but also can supply electricity, liquid fuels, hydrogen and other chemical materials if needed.  
China is rich in coal, but short of nature gas. Till now, china has become the world’s largest producer and user of coal resource [4]. 
Coal gasification for gas fuel is an inevitable choice for china to supplement the supply of nature gas.  It is clear that the interests 
of china in coal gasification will continue to increase in the long term. Institute of Engineering Thermophysics (Chinese Academic 
of Sciences) has developed CFB gasification technology since 1990s, and carried out extensive research with different scale of 
CFB gasifier, such as 0.25 t/d, 2.5 t/d and 5 t/d gasifiers. Yu studied the operating properties of 5t/d CFB gasifier and investigated 
the effects of gasification agents on Shenmu bituminous coal gasification. By experiments, the gasifier was proved steady and 
reliable with flexible and convenient control, which can provide basic data for the design and operation of large scale industrial 
CFB gasifier [5].  However, the main problem was the higher carbon content in fly ash.  
 
Coal gasification can be classified into two steps: the pyrolysis step and the gasification step of char.  Pyrolysis is the discharge 
of volatile matter content, which is the first stage reaction in coal thermochemical conversion processes (combustion, gasification 
and liquefaction). The second step is the gasification process of generated char. The latter step is the rate-limiting one. 
Gasification fly ash is an inevitable by-product of coal gasification. Due to the lower operating temperature of CFB gasifier, the 
residual carbon in fly ash is always very high [6,7]. Carbon in fly ash is the major determinant of gasification efficiency in CFB 
gasifier, which is not only an important parameter for the operation of gasifier, but also for the quality of fly ash as a commercial 
product. Therefore, a comprehensive understanding as to the gasification reactivity of the residual carbon in fly ash is required. 
This can be achieved by detailed research on the structure and gasification properties of fly ash. 
 
The presence of carbon in fly ash is the result of incomplete gasification of char originated after the initial devolatilisation of 
coal fed to the gasifier. Thermogravimetric analyzer (TGA) is an effective method to study the gasification reactivity of samples. 
Irfan summarized coal gasification in CO2 atmosphere and its kinetics since 1948, and found that most of the CO2 gasification 
research work had been done in TGA or PTGA (pressurized thermo-gravimetric analysis) [8]. Kelebopile investigated the 
reactivity of high carbon fly ash obtained from a circulating fluidized bed gasification system with a TGA, and found that the char 
prepared in the laboratory at the lowest pyrolysis temperature was the most reactive [7]. Zhang studied the structure properties of 
fly ashes obtained from a 240 t/d industrial CFB gasifier, and compared the gasification reactivity of fly ashes with the char 
prepared in a horizontal tube furnance at the lowest pyrolysis temperature, and the results showed that the fly ash was more 
reactive than the slowly pyrolyzed char [9]. Matjie conducted a detailed investigation into the chemical, physical, and 
mineralogical attributes of coarse gasification ash, and observed that a high proportion of the unburned carbon in the ash occurred 
as discrete particles [10]. Wagner addressed the characterization of the discrete unburned carbon particles present in coarse 
gasification ash and provided possible reasons for their presence in ash [11]. To date, study on gasification reactivity of coal char 
is abundant in the literature, while gasification reactivity of fly ash is relative scarce, and contradicting results were also reported 
in the literature.  
 
The purpose of this study is to investigate the gasification reactivity of fly ashes obtained from the 5 t/d CFB gasifier with 
different gasification agents, in an attempt to consider the necessity of re-injecting the fly ashes to the gasifier for further 
gasification. Isothermal and non-isothermal thermogravimetric (TGA) experiments were carried out to explore gasification 
reactivities of fly ashes, and the results were compared with fast pyrolyzed char derived from the same raw Shenmu bituminous 
coal. The samples were characterized with X-ray diffraction (XRD), scanning electron microscope (SEM) and BET study. This 
work is of great significance to propose effective method for optimizing the design of CFB gasifier. 
2. Experimental 
2.1. fly ash and char preparation  
The proximate and ultimate analyses of Shenmu coal are given in Table 1. Shenmu coal is a medium grade bituminous coal 
from Shaanxi province of china. The ash composition of Shenmu coal is shown in Table 2. Fly ashes used in this study were 
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obtained from a 5 t/d CFB gasifier for the preparation of industrial gas fuel with Shenmu coal as feed stock at different operating 
conditions. Fly ash A was produced with air as gasification agent, and fly ash B was produced with air-steam mixture as 
gasification agent.  The details of the operating conditions were shown in our previous work [5]. The fly ashes were obtained from 
the second cyclone of gasifier, as shown in Fig.1.  
 
The fast pyrolyzed Shenmu char was prepared in a horizontal tube furnace. The details of the pyrolysis experiment were given 
in our other work [12]. Briefly, coal was pushed into the isothermal region of furnace and hold for 5 minutes at 900 oC with N2 as 
carrier gas. Then the sample was pushed to the cooling region and Shenmu char was obtained. The proximate analyses of fly ashes 
and Shenmu char were shown in Table 3.  
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Fig.1. The schematic of 5 t/d CFB gasifier 
 
Table 1. Proximate and ultimate analyses of Shenmu coal 
Proximate analysis /%  Ultimate analysis /% 
Net Calorific value 
 /(MJ/kg) 
Mad Aad Vad FCad Cad Had Oad Sad Nad 
4.05 7.92 32.06 55.97  71.33 4.20 11.18 0.40 0.94 
27.49 
ad air dry basis, FC fixed carbon, V volatile matter, A ash, M moisture 
 
Table 2. Ash composition of Shenmu coals (wt/%) 
SiO2 Al2O3 Fe2O3 CaO MgO TiO2 SO3 P2O5 K2O Na2O 
41.02 18.64 9.91 14.49 1.69 0.91 8.52 0.18 0.93 0.67 
 
Table 3. Proximate analyses of Shenmu char and fly ashes 
Samples 
Proximate analysis /% 
Mad Aad Vad FCad 
Shenmu char 0.3 11.8 1.37 86.53 
Fly ash A 2.08 25.79 9.94 62.19 
Fly ash B 1.77 30.85 9.45 57.93 
ad air dry basis, FC fixed carbon, V volatile matter, A ash, M moisture 
2.2. Characterizaiton 
 3DUWLFOH6L]HDQG0RUSKRORJ\$QDO\VLV
The particle sizes of fly ashes were analyzed using a MASTERSIZER-2000 laser diffractometer. The sample was diluted with 
water to inhibit particle aggregation.  
 
The morphology of particles was observed by a scanning electron microscope (SEM) JSM-6360LV. The samples, which 
involved an appropriate amount of fly ashes, were fixed on an SEM stub using double-sided adhesive tape and coated with Au at 
50 mA for 6 min through a sputter-coater. 
 ;UD\'LIIUDFWRPHWU\;5'$QDO\VLV
X-ray diffraction (XRD) analysis was performed using Rigaku D/max 2500 diffractometer to detect any changes in the physical 
characteristics. The measuring unit consisted of a rotating anode in transmission technique, and CuKa radiation was generated at 
80 mA and 40 kV. The samples were scanned from 5° to 50° with a step size of 0.05°.  
 6SHFLILF6XUIDFH$UHD
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The specific surface areas and pore sizes of the Shenmu raw coal, fly ashes and the fast pyrolyzed char were determined using 
N2 adsorption method. The calculation was implemented by a surface area analyzer Tristar II 3020 M based on the BET equation. 
Before measuring, the sample was loaded into a sample cell and degassed for at least 4 h.  
2.3. Gasification test 
The used TGA analyser was a STA-449F3 model supplied by Netzsch Instruments Company (Germany), which could handle 
samples at atmospheric pressure up to 1550 oC. About 10 mg sample was dispersed on an alumina crucible for each experiment.  
 
The non-isothermal experiments were carried out with heating rate of 10 oC/min, 20 oC/min, and 30 oC/min to 1050 oC, with 
binary mixtures consisting of Ar flow of 20 mL/min and CO2 flow of 130 mL/min. The isothermal experiments were carried out at 
heating rate of 20 oC/min to the set temperature and then stayed for 5 min with Ar flow of 150 mL/min. Subsequently, Ar flow 
was adjusted as binary mixtures consisting of Ar flow of 20 mL/min and CO2 flow of 130 mL/min, and lasted for one hour. The 
isothermal gasification temperatures (T) were set at 900 oC, 950 oC and 1000 oC, respectively. At the final stage of each 
experiments, the reaction gases were adjusted as ternary mixtures consisting of Ar flow of 20 mL/min, CO2 flow of 100 mL/min, 
and O2 flow of 30 mL/min, in order to burn out the residual carbon. 
2.4. Evaluation Procedure  
The carbon conversion and specific rate are defined by Eqs. (1) and (2).  
ݔ ൌ Δm݉Ͳሺͳ െ ܣ݀െܸ݀ ሻ  
(1) 
ݎ ൌ ͳͳ െ ݔ
ݔ
ݐ   
(2) 
Where x is the carbon conversion, Δm is the mass loss of the char, m0 is the initial mass of the char, Ad is the mass of ash in the 
char, Vd is the mass of volatile in the char, r represents the specific rate, and t is the reaction time. All the mass parameters can be 
read from the thermogravimetric curves. In addition, we use ra to evaluate the gasification properties, and ra represents the average 
specific rates between 20% and 70% of carbon conversion.  
3. Results and discussion 
3.1. Non-isothermal experiments 
Non-isothermal experiments were performed to illustrate the relative reactivities of fly ashes. Fig. 2 shows the TG/DTG curves 
of fly ash A and fly ash B with heating rate of 10 oC/min. It can be seen that fly ash A shows higher total weight loss and less 
residual mass than fly ash B, which are consistent with the results of proximate analyses as shown in table 3. 
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Fig.2. TG curves of fly ashes with heating rate of 10 oC/min 
 
Fig.3 shows the DTG curves and carbon conversion of fly ashes with heating rate of 10 oC/min, 20 oC/min and 30 oC/min. From 
Fig.3 (a) we can see that, at different heating rates, fly ash A always shows faster reaction rates than fly ash B, which indicates 
that fly ash A is more active than fly ash B. However, there is no obvious difference between fly ash A and fly ash B on carbon 
conversions as shown in Fig.3(b).  
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Fig.3. (a) DTG curves and (b) carbon conversion of fly ashes with different heating rates 
 
3.2. Isothermal experiments 
Fig.4(a) and Fig.4(b) depict the isothermal gasification results of fly ash A and fly ash B, respectively. The gasification 
temperatures were set at 900 oC, 950 oC and 1000 oC. We can see that, with the increase of gasification temperatures, significant 
increase of carbon conversion is observed for both fly ash A and fly ash B. In particular, at 900 oC and 950 oC, the carbon 
conversion is slowly increased and then reached complete conversion during the reaction process. Further increasing the 
gasification temperature to 1000 oC, the carbon conversion is dramatically increased and reacted to completion. The above results 
indicate that gasification temperature is an important parameter to increase the gasification rates and carbon conversion of fly 
ashes. By comparing Fig.4(a) with Fig.4(b), we also can see that, at different gasification temperatures,  the carbon conversion of 
fly ash A is always higher than fly ash B, indicating that fly ash A is more active than fly ash B. 
 
A further investigation was carried out by gasification experiments of Shenmu char and the results were shown in Fig.4(c). 
Shenmu char did not reach full conversion after reacting at 900 oC for 1h, demonstrating incomplete conversion of Shenmu char at 
lower gasification temperatures. Moreover, the carbon conversions of Shenmu char are always lower than that of fly ashes with 
the same gasification temperatures.   
 
The typical curves of specific rates versus carbon conversion of fly ashes and Shenmu char are given in Fig.5. When 
gasification temperature are 900 oC and 950 oC, the specific rates of fly ashes and Shenmu char show different changing trend. For 
fly ashes, the specific rates increase rapidly in the early period and then decrease to a certain value and then keep almost 
unchanged from 30% to 70%. Subsequently, the specific rates increase again and then decrease quickly in the final stage. For 
Shenmu char, the specific rates increase rapidly and then keep almost unchanged until the end stage of each experiments. 
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Fig.4. The effect of temperature on gasification reactivity of (a) fly ash A, (b) fly ash B, and (c) Shenmu char 
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Fig.5. The effect of gasification temperature on specific rate: (a) fly ash A, (b) fly ash B, and (c) Shenmu char 
Table 4 shows the average specific rates (ra) of samples. Clearly, increasing the gasification temperature from 900 oC to 1000 
oC can rapidly increase the maximum reaction rate from 5.93 min-1 to 28.49 min-1 for fly ash A, and from 5.65 min-1 to 26.01 min-
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1 for fly ash B, whereas slowly increases from 3.01 min-1 to 14.0 min-1 for Shenmu char. The results indicate that, in the selected 
temperature ranges, the average specific rates follow the order: fly ash A > fly ash B > Shenmu char.  
 
Table 4. Average specific rates of samples during isothermal gasification 
Samples 
ra / (min-1) 
900 oC 950 oC 1000 oC 
Fly ash A 5.93 13.68 28.49 
Fly ash B 5.65 12.74 26.01 
Shenmu char 3.01 6.80 14.0 
3.3. Sample characterization 
The particle size distribution of fly ashes is shown in Fig.6. The average particle size of fly ash A is about 6.58 um, and the 
average particle size of fly ash B is about 9.8 um. Fig. 7 shows the SEM images of Shenmu coal, fly ashes and Shenmu char. 
From Fig.7(a) we can see that there are many Lamellar-type cracks on Shenmu char surface. Fly ashes shows rough particle 
surface, and fly ash B is composed of some smaller particles.  Pore structure parameters and surface area of samples are shown in 
table 5. The surface areas of fly ashes are much higher than Shenmu char and Shenmu raw coal. The higher surface areas and the 
smaller particle sizes of fly ashes are helpful to increase their gasification reactivities.  
 
 
Fig.6. Particle size distribution of fly ashes  
 
  
 
  
 
(b) 
(d) 
(a) 
(c) 
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Fig.7. SEM images of (a) Shenmu coal, (b) Shenmu char, (c) fly ash A and (d) fly ash B  
 
Table 5. Pore size and BET of samples 
samples Pore size/nm BET/ (m2/g) 
Shenmu coal 8.77 2.84 
Fly ash A 9.9 59.63 
Fly ash B 8.0  66.03 
Shenmu char 7.53 4.89 
 
Fig.8 compares the powder X-ray diffraction (XRD) patterns of samples. The 002 and 100 peaks of Shenmu char are very sharp 
due to the growth of graphitic microcrystallites, which is associated with its lower gasification reactivity. From Fig.8 we also can 
see that, the 002 and 100 peaks of fly ash B are sharper than fly ash A, mainly due to the enhanced gasification intensity of 
Shenmu coal in CFB gasifier with steam-air mixture as co-gasification agent. The higher graphitization degree of fly ash B can 
reduce the gasification activity as shown in Fig.2.-Fig.5. 
 
002
100
 
 
Fig.8. XRD patterns of Shenmu coal, Shenmu char and fly ashes 
 
3.4. Sample characterization 
The distributed activation energy model (DAEM) is a complex reaction consisting of a set of irreversible first order reactions 
with different activation energy and frequency factors. It has been proved to be an appropriate method to simulate coal char 
gasification process [12]. In this study, we used nth-order DAEM model to compare the gasification properties of Shenmu char 
and fly ashes. The expression of activation energy could be described as below [12]: 
ln t=ln[(1-(1-x)1-n) /(1-n)] - lnko + E/RT        (3) 
The value of E and k0 could be obtained from the linear relationship between lnt and 1/T at the same carbon conversion. The 
final value of n should yield the value of E whose correlation coefficient is the best. The variation of activation energy with 
carbon conversion is shown in Fig.9. The activation energy of samples follows the order: Shenmu char > fly ash B > fly ash A. 
The relatively lower activation energy of fly ashes indicates that re-injecting the fly ash to gasifier for further gasification is 
necessary and theoretically feasible. In addition, Fly ash A has the lowest activation energy during the whole process of CO2 
gasification, due to its higher carbon content, higher specific surface area and lower graphitization degree. 
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Fig. 9 The variation of activation energy with carbon conversion 
 
4. Conclusions 
In this study, the structure properties and gasification reactivities of fly ashes obtained from the 5 t/d pilot scale CFB gasifier 
are investigated. A comparative investigation of fly ashes and fast pyrolyzed Shenmu char are also conducted. From the results, 
we can conclude that: 
(1) Isothermal TGA experiments indicate that fly ashes show higher gasification activities than the fast pyrolyzed Shenmu char, 
which would be beneficial to re-injection the fly ashes to gasifier for further gasification.  
(2) Both non-isothermal and isothermal TGA experiments show that fly ash obtained with air as gasification agent shows higher 
reaction rates and activities than fly ash obtained with air-steam mixture as co-gasification agent, which could be attributed 
to the higher carbon content and lower graphitization degree of fly ash produced with air as gasification agent.  
(3) The higher gasification activities of fly ashes could be attributed to their small sizes, higher surface areas and lower 
graphitization degrees than Shenmu char. This work is essential for the design and operation of CFB gasifier, and proposes 
an effective way for the utilization of gasification fly ashes.  
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